Antigen-specific CD8 ؉ T cells expanded upon rechallenge and generated increased protective memory T-cell populations after boosting. These results show that live attenuated influenza viruses expressing truncated NS1 proteins can prime protective immunity and may have implications for the design of novel modified live influenza virus vaccines.
Influenza virus infections remain an important global health issue, particularly among the young and elderly. The natural host of influenza viruses is water birds, however, influenza viruses can also infect a wide variety of other hosts, including other birds, humans and pigs (36) . The ability of influenza viruses to survive and adapt in different hosts has precipitated three human pandemics in the last century alone (in 1918 [H1N1], 1957 [H2N2], and 1968 [H3N2]), as well as numerous epidemics, including the recent H1N1 swine influenza outbreak (12) . Despite our increasing understanding of influenza viruses, their life cycle, pathogenicity, and immunogenicity, the production of vaccines that generate long-lived cross-protective immunity against seasonal strains or pandemic strains of the virus remains a challenging goal (5) .
An effective vaccine against influenza should ideally elicit both humoral and cellular immunity. Current inactivated influenza virus vaccines induce largely antibody-mediated responses that are effective in providing protection against homologous influenza virus infections and yet are inadequate against heterologous infections, where many of the viral pro-teins are distinct (3, 31) . Influenza virus causes repeated infections by undergoing antigenic drift and occasionally antigenic shift to evade the host immune response. Neutralizing antibodies against the viral glycoproteins hemagglutinin (HA) and neuraminidase (NA) are required for resistance against respiratory infection, potentially by slowing the rate of viral replication and spread to allow time for the cellular immune response to mediate viral clearance (7) . Indeed, protective cell-mediated immunity to virulent influenza virus infection requires CD8 ϩ T cells (4) , and these may need to reside in the respiratory tract to control initial viral replication until secondary effectors arrive (38) .
Interestingly, influenza viruses can still cause disease in immune individuals despite the high conservation of T-cell epitopes, suggesting that the virus may also use mechanisms to subvert the immune system. The nonstructural (NS1) protein of influenza virus is a virulence factor with multiple functions in infected cells. In addition to potentially controlling viral RNA replication (9) and viral protein synthesis (18) , one of the major functions of the NS1 protein is the inhibition of host interferon (IFN) responses (14) . This can occur via inhibition of the IRF-3, NF-B, and c-Jun/ATF-2 transcription factors (16, 32) , possibly by preventing intracellular sensing of viral single-stranded RNA by preventing RIG-I activation (13, 27) . The NS1 protein can also block the function of 2Ј-5Ј-oligoadenylate synthetase and serine/threonine protein kinase R (25, 26) , as well as inhibit host mRNA processing and activate the phosphatidylinositol 3-kinase pathway (15) , thus potentially influencing multiple aspects of innate immune activation and apoptosis in infected host cells.
Type I IFNs (IFN-I) are produced by infected or activated cells during viral infection. Some specialized cell types, such as plasmacytoid DC, are capable of producing very large amounts of IFN-I. The optimal priming of both CD8 ϩ and CD4 ϩ T-cell responses involves direct signaling through the IFN-I receptor (IFN-IR) (8, 19, 24) . T cells lacking the IFN-IR show reduced expansion and memory formation after infection. It has been demonstrated that expression of the NS1 protein by influenza viruses can significantly reduce the production of inflammatory cytokines after infection (21) , as well as increase pathogenicity in a manner independent of its IFN-I blocking action (22) . Viruses lacking NS1 function are highly attenuated and may be useful for the design of new generation influenza virus vaccines (32) . In the absence of NS1, or in virus mutants with truncated NS1 proteins, influenza viruses can induce adaptive immune responses in different animal models, such as mice, pigs, and macaques (2, 10, 29, 33) and stimulate more effective dendritic cell maturation and migration (11) .
To better understand the capacity of mutant influenza viruses with compromised NS1 function to elicit protective cellmediated immune responses, in particular CD8 ϩ T-cell responses, we inserted the lymphocytic choriomeningitis virus (LCMV) gp33-41 epitope into the influenza virus A/PR/8/34 NA stalk. Using reverse genetics, this segment was incorporated into recombinant influenza viruses that expressed truncated NS1 proteins or lacked expression of NS1 via a complete deletion. These mutant viruses displayed reduced viral growth and pathology in mice after intranasal infection and yet generated long-lived antigen-specific T-and B-cell responses. Responses were readily detectable both systemically and in the lungs after infection. Mice containing effector or memory CD8 ϩ T cells primed by the live attenuated viruses cleared virus more rapidly after rechallenge, whereas prime-boost vaccination could further expand the size of the memory pool generated. Together, our data suggest that NS1 mutant viruses might provide a safe and effective means of generating potent cellular and humoral immune responses against influenza viruses.
MATERIALS AND METHODS

Generation of recombinant influenza viruses. Recombinant influenza viruses
were produced by using an established eight-plasmid influenza virus reverse genetics system (20, 28) . The plasmids used in the construction of the recombinant influenza viruses have been previously described (35) . The LCMV gp33-41 epitope (KAVY NFATM) was inserted into the NA of A/PR/8/34 (H1N1) at residue 42 by PCR mutagenesis using the primers 5Ј-CAAACTGGAAGTAAAGCCGTTTATAATTT TGCCACCATGAACATCATTACC-3Ј and 5Ј-GGTAATGATGTTCATGGTGG CAAAATTATAAACGGCTTTACTTCCAGTTTG-3Ј (italics represent the inserted KAVYNFATM epitope). A corresponding number of amino acids (nine, QNHTG ICNQ) were deleted from the recombinant viruses to maintain the protein length equal to the wild-type NA protein. In order to generate NS1 truncations, we pursued a previous strategy described by Solorzano et al. (30) . We generated every NS1 truncation by amplification of two PCR fragments and subsequent ligation in the pDZ vector (28): the 5Ј-end portion of the segment, common for all truncations, was obtained with two primers, 5Ј-GCGCTTAATTAAGAGGG AGCAATTGTTGGCG-3Ј (NS1-153) and 5Ј-CATCGCTCTTCTATTAGTAG AAACAAGGGTGTTTTTTATTATTAAATAAG-3Ј. The 3Ј-end portion containing either the first 73, 113, or 126 amino acids of NS1 was obtained by using the primers 5Ј-GCGCTTAATTAATCAAGATCTAGGATTCTTCTTTCAGAA TCC-3Ј (NS1-73), 5Ј-GCGCTTAATTAATCAAGATCTAGCCTGCCACTTTCT GCTTGGG-3Ј (NS1-113), and 5Ј-GCGCTTAATTAATCAAGATCTACTTATCC ATGATCGCCTGG-3Ј (NS1-126), respectively, together with 5Ј-GATCGCTCTT CTGGGAGCAAAAGCAGGGTGACAAAGAC-3Ј. NS1 truncations did not affect the sequence of NEP. To generate the NS segment containing a complete deletion of NS1, we amplified NEP by two PCRs using two pairs of primers: (i) NS1-BspMI,3 (GCGCACCTGCTTTTTCAGGACATACTGCTGAGGATG and 5Ј-GATCGCTCTTCTGGGAGCAAAAGCAGGGTGACAAAGAC-3Ј) and (ii) NS1-BspMI,5 (GCGCACCTGCTTTTCTGAAAGCTTGACACAGTG and 5Ј-CA TCGCTCTTCTATTAGTAGAAACAAGGGTGTTTTTTATTATTAAATAAG-3Ј).
Mice, virus, and infections. Thy1.1 ϩ (B6.PL-Thy1 a /CyJ) mice were bred to P14 transgenic mice and maintained in our colony. Splenocytes from naive Thy1.1 ϩ P14 transgenic mice containing 10 5 antigen-specific CD8 ϩ T cells were transferred into 6-week-old female C57BL/6J (B6) mice (the Jackson Laboratory). Given a "take" of ca. 10%, this transfer reflected ϳ10 4 P14 CD8 ϩ T cells per recipient mouse. The following day, the mice were infected with 200 PFU of recombinant influenza virus PR8-33 (referred to as PR8 or wild-type [WT] virus) or either of the NS1 mutant viruses (NS1-73, NS1-113, NS1-126, or ⌬NS1) intranasally. For challenge experiments, mice were infected with 5 ϫ 10 6 PFU of a recombinant vaccinia virus expressing gp33-41 (VVgp33) (17) intranasally. Titers of VVgp33 in lung homogenates were determined by plaque assay on Vero cells as previously described (17) . Influenza virus titers were determined by using monolayers of Madin-Darby canine kidney (MDCK) cells. MDCK cells were infected with dilutions of lung tissue homogenates in Dulbecco modified Eagle medium (DMEM) for 1 h at 37°C before they were overlaid with 1% agarose in DMEM supplemented with 5% fetal bovine serum and 1 g of TPCK (tolylsulfonyl phenylalanyl chloromethyl ketone)-trypsin/ml. Cells were incubated for 3 days and stained with crystal violet (0.1% [wt/vol] in 20% methanol) to count plaques.
Hemagglutinin inhibition assay. One part serum was added to three parts receptor destroying enzyme (RDE; Accurate Chemical & Scientific) and incubated at 37°C overnight. The RDE was inactivated the following morning by incubating the samples at 56°C for 1 h. Samples were then serially diluted with phosphate-buffered saline (PBS) in 96-well V-bottom plates, and eight hemagglutination units (as determined by incubation with 0.5% turkey red blood cells [RBCs] in the absence of serum) of influenza virus was added to each well. After 30 min at room temperature, 50 l of 0.5% turkey RBCs (Lampire Biological Laboratories) suspended in PBS-0.5% bovine serum albumin was added to each well, and the plates were shaken manually. After an additional 30 min at room temperature, the serum titers were read as the reciprocal of the final dilution for which no hemagglutination was observed.
Lymphocyte isolation. Lymphocytes were isolated from lungs by treatment with 1.3 mM EDTA in Hanks balanced salt solution for 30 min at 37°C with shaking at 200 rpm, followed by incubation with 100 U of collagenase (Invitrogen Life Technologies)/ml in 5% RPMI 1640 supplemented with 2 mM CaCl 2 and 2 mM MgCl 2 (60 min at 37°C, shaking at 200 rpm). Single-cell suspensions were obtained by pushing spleens, lymph nodes, or digested lungs through 70-mpore-size nylon mesh filters (Becton Dickinson). Lymphocytes from lungs were purified by centrifugation on a 44/67% Percoll gradient (800 ϫ g for 20 min at 20°C).
Antibodies and flow cytometry. Single-cell suspensions were stained with anti-CD8␣-APC (53-6.7), Thy1.1-PerCP (OX-7), CD62L-FITC (MEL-14), CD43-FITC (1B11), gamma interferon (IFN-␥)-FITC (XMG1.2), tumor necrosis factor alpha (TNF-␣)-APC (MP6-XT22), and interleukin-2 (IL-2)-APC (JES6-5H4) (BD Pharmingen); CD127-PE (A7R34) (eBioscience); or anti-human granzyme B-PE (Caltag Laboratories). Intracellular staining for granzyme B directly ex vivo or for IFN-␥, TNF-␣, or IL-2 after 5 h in vitro stimulation with 0.1 g of LCMV gp33-41 peptide or influenza np366-374 peptide/ml was performed by using a Cytofix/Cytoperm kit according to the manufacturer's instructions (BD Pharmingen). Samples were analyzed by using a Becton Dickinson FACSCalibur apparatus.
Memory cell transfers. Thy1.1 ϩ P14 transgenic CD8 ϩ T cells were isolated from the spleens or lungs of mice infected with the indicated viruses. Naive B6 recipient mice (Thy1.2 ϩ ) received 1 ϫ 10 4 Thy1.1 ϩ CD8 ϩ memory cells to track expansion in the blood or 5 ϫ 10 4 cells to measure protection upon recall with VVgp33.
Statistical analysis. Data are expressed as the means Ϯ the standard deviation. Statistical analysis was performed by two-tailed Student t test with 95% confidence intervals, using Prism software (GraphPad).
RESULTS
Generation of recombinant influenza viruses expressing mutant NS1 proteins.
The influenza A virus NS1 protein can be divided into three domains: the N-terminal RNA-binding domain (amino acids [aa] 1 to 73), the effector domain (aa 74 to 207), and a short C-terminal region (ϳ20 aa). Numerous functions have been attributed to the NS1 protein, including binding to double-stranded RNA via the N-terminal region. In addition, the C-terminal effector domain may stabilize and support the function of the NS1 RNA-binding domain (34) . We previously demonstrated that progressive truncation of the carboxy-terminal region of the NS1 protein results in recombinant influenza viruses with different degrees of inhibition of IFN-I induction that correlate with their attenuation in vivo (28, 30, 32) . Infection with NS1 mutant viruses primed immune responses and protection against lethal infection by heterologous influenza virus ( Fig. 1A) . We wanted to more carefully examine CD8 ϩ T-cell responses primed by influenza viruses with truncated or deleted NS1 proteins. To do this, we generated a recombinant influenza A/PR/8/34 virus (H1N1) with a CD8 ϩ T-cell epitope from the LCMV glycoprotein (gp33-41) inserted into the NA stalk ( Fig. 1B) . Using reverse genetics, PR8-33 viruses (referred to as wild-type PR8 from hereon) were then produced that lacked expression of the NS1 protein (⌬NS1) or expressed truncations of the NS1 protein representing the first 73, 113, or 126 aa of the protein from the Nterminal end (Fig. 1B) instead of the 230-aa wild-type NS1 protein.
We first examined the ability of the mutant NS1 viruses to infect mice after intranasal administration. Administration of a low titer of recombinant wild-type PR8 virus (10 2 PFU) resulted in rapid viral growth in the lungs within 2 days, peaking at around 4 days after infection (Fig. 1C ). Since NS1-deficient viruses are highly attenuated in IFN-competent systems, we infected mice with a higher dose of the mutant viruses (10 5 PFU). In mice infected with the NS1 mutant viruses, no significant changes in body weight or signs of morbidity were observed after infection. Infection of mice with the mutant viruses expressing truncated NS1 proteins demonstrated different degrees of viral growth in the lungs. Virus titers were highest in mice infected with the PR8/NS1-73 (73) virus, followed by the 113 and 126 viruses, respectively (Fig. 1C ). Similar to that observed with truncated NS1 proteins from swine or equine influenza viruses, the length of the protein correlated inversely with viral growth and IFN inhibition (28, 30) . This likely reflects differential stability of the truncated NS1 proteins in infected cells (30) . All viruses with truncated NS1 proteins stimulated long-lived humoral immunity in the mice, albeit at lower titers than that after infection with wild-type virus (Fig. 1D) . No virus was detected in the lungs of mice after infection with the ⌬NS1 virus (Fig. 1C ). However, low yet detectable hemagglutination inhibition (HI) titers were observed in these mice for at least 90 days (Fig. 1D) . Thus, the NS1 mutant viruses were capable of infecting mice via the lungs and stimulating long-lived host immunity.
Priming of effector CD8 ؉ T-cell responses by NS1 mutant influenza viruses. To determine CD8 ϩ T-cell responses after infection with the attenuated influenza viruses, mice were given TCR transgenic P14 T cells specific for the LCMV gp33-41 epitope prior to infection. These transferred T cells were undetectable in the spleens of uninfected mice. Eight days after infection, responding Thy1.1 ϩ CD8 ϩ T cells were examined in the spleen and lungs of the mice. Substantial responses were detected in the tissues of mice infected with each of the NS1 mutant viruses ( Fig. 2A) . Quantitation of the responding effector T-cell responses in the spleen and lungs (Fig. 2B ) reflected the degree of viral infection in the lungs (see Fig. 1C ). Although an order of magnitude less than that after infection with wild-type PR8 virus, infection of mice with the ⌬NS1 virus primed considerable T-cell responses in the spleen and lungs, despite a lack of any detectable virus in the lungs after infection. Furthermore, P14 CD8 ϩ T cells primed by the NS1 mutant viruses upregulated CD44 after infection, demonstrating effective activation of the cells (data not shown).
Effector CD8 ϩ T cells primed after NS1 mutant influenza virus infection were functional and produced the cytokines IFN-␥ and TNF-␣ after restimulation with peptide ( Fig. 2C) . Interestingly, a higher proportion of cells produced IL-2 8 days after infection with the 126 or ⌬NS1 viruses. Downregulation of CD62L and upregulation of the activated isoform of CD43 recognized by the antibody 1B11 also correlated with the size of the expanded CTL populations and viral growth in the lungs ( Fig. 2D) . Moreover, expression of the effector molecule granzyme B was lowest after ⌬NS1 virus infection, whereas higher expression was detected in effector CD8 ϩ T cells primed by the 73 and 113 viruses ( Fig. 2E ). Together, this suggested that the CD8 ϩ T cells primed by the NS1 mutant viruses were less highly activated 8 days after infection, possibly reflecting incomplete activation of the antigen-specific CD8 ϩ T-cell population or a more rapid transition to memory.
Long-lived memory CD8 ؉ T-cell responses after NS1 mutant influenza virus infection.
Memory CD8 ϩ T-cell populations were analyzed in mice 3 months after infection with the different NS1 mutant influenza viruses ( Fig. 3) . All recombinant viruses primed populations of memory cells that were readily detectable in the spleen and lungs (Fig. 3A) . The size of the memory populations detected in the tissues largely reflected the size of the effector pools observed 8 days after (Fig. 3B ). However, contraction of the CD8 ϩ T-cell pool in the spleen after ⌬NS1 infection was reduced, such that the size of the memory population remained similar to that detected at day 8. This may have reflected early or reduced contraction of the response after infection with the highly attenuated virus. Memory cells primed by the mutant NS1 viruses were highly functional and produced IFN-␥ and TNF-␣ after restimulation (Fig. 3C) . A considerable proportion of the memory cells produced IL-2 in both the spleen and the lungs, a finding indicative of long-lived resting memory T cells. The majority of the memory cells had also regained expression of CD62L and expressed low levels of 1B11 (Fig. 3D) . Similarly, endogenous influenza virus np366-specific CD8 ϩ T cells were primed after infection with the mutant NS1 viruses, and significant numbers of cells remained detectable in these mice for at least 3 months ( Fig. 3E ). Together, this demonstrates that infection of mice with the mutant NS1 viruses primed CD8 ϩ T cells with the phenotypic and functional properties of long-lived memory cells.
Recall responses by memory cells after NS1 mutant influenza virus infection. We next wanted to evaluate the recall capacity of memory CD8 ϩ T cells generated after infection of mice with the NS1 mutant influenza viruses. Normalized numbers of P14 Thy1.1 ϩ CD8 ϩ memory T cells (5 ϫ 10 4 ), isolated from the spleens of immune mice, were transferred into naive mice prior to intranasal challenge with a recombinant vaccinia virus expressing the gp33 epitope (VVgp33) (Fig. 4A ). Expansion of the memory CD8 ϩ T cells was followed in the blood of mice that had received cells from PR8-, 73-, 113-, 126-, or ⌬NS1-immune mice (Fig. 4B ). Expansion peaked around day 16 postinfection. Interestingly, memory cells from mice infected with the NS1 mutant viruses expanded slightly better than those primed by wild-type PR8 infection. Together, this demonstrated that the attenuated influenza viruses containing truncated or deleted NS1 proteins primed functional memory CD8 ϩ T cells capable of responding and expanding upon rechallenge.
Rapid prime-boost responses after immunization with NS1 mutant influenza viruses.
Although the mutant NS1 influenza viruses primed highly functional memory T-cell populations, the size of the memory pool was smaller than that induced after wild-type PR8 infection (see Fig. 3 ). However, infection of mice with the ⌬NS1 virus induced long-lived memory T cells, despite a lack of detectable virus in the lungs and no significant malaise or weight loss in the mice (Fig. 1 and data  not shown) . Interestingly, effector CD8 ϩ T cells primed after ⌬NS1 infection were less activated, and a greater proportion of the cells produced IL-2 as early as 8 days after infection (Fig.  2) . The transition from an effector to central memory phenotype involves re-expression of CD62L and the capacity to produce IL-2 over time (23, 37) . Our data indicated that stimulation of the P14 CD8 ϩ T cells after ⌬NS1 infection may have resulted in a brief effector period, followed by more rapid transition to memory.
We sought to determine whether it was possible to increase the size of the memory T-cell pool generated by boosting the CD8 ϩ T cells only a short period after infection. To ascertain the capacity of the activated T cells to respond to an antigen boost soon after infection, P14 Thy1.1 ϩ CD8 ϩ T cells were isolated from mice infected with ⌬NS1 9 days earlier, and transferred into naive mice ( Fig. 5A and B) . The mice were then infected with VVgp33 intranasally, and the expansion and protective capacity of the CD8 ϩ T cells was determined 5 days later. Expansion of the ⌬NS1-primed CD8 ϩ T cells in the spleen and lungs after VVgp33 boost was significantly greater than that of cells primed by PR8 infection (Fig. 5C ). The ⌬NS1-primed and VVgp33-boosted effector cells mediated rapid clearance of vaccinia virus from the lungs, although only slightly faster than that in mice containing WT PR8-primed CD8 ϩ T cells (Fig. 5D ). This demonstrated that the cells remained responsive to antigen signals after primary immunization and were susceptible to boost vaccination to increase the size of the antigen-specific T-cell populations in the tissues.
We next wanted to more directly test the capacity of effector CD8 ϩ T cells primed with the mutant NS1 viruses to be boosted by a second, rapid immunization. Mice containing naive P14 CD8 ϩ T cells were infected with wild-type PR8 or ⌬NS1 viruses and boosted with VVgp33 8 days later. The resulting populations of memory cells in the spleen and lungs of mice after boosting was significantly greater than that in mice immunized with just the primary dose of ⌬NS1 (Fig. 5E ). Similar results were also obtained in mice immunized with the NS1 truncated influenza viruses (NS1-73, NS1-113, and NS1-126) after boosting with VVgp33 (data not shown), suggesting that boosting was capable of improving the immune response to all mutant strains. This was in contrast to mice immunized with PR8, which did not demonstrate an increase in numbers of memory T cells in the spleen or lungs after VVgp33 boosting. Homologous boosting of the immune response with a second dose of the ⌬NS1 virus also induced increased memory CD8 ϩ T responses in mice, which were significantly larger after two immunizations (Fig. 5F) . Similarly, increased populations of endogenous LCMV gp33-and influenza virus np366-specific CD8 ϩ T-cell populations were also observed after ⌬NS1 influenza virus prime-boosting in B6 mice that did not receive P14 cell transfers (data not shown).
To determine the protective capacity of these increased pop- ulations of antigen-specific memory CD8 ϩ T cells after primeboost vaccination, mice were given two doses of ⌬NS1 influenza virus 10 days apart and then rested for 8 weeks. The mice were then challenged by respiratory infection with the recombinant VVgp33 virus. Clearance of virus from the lungs was more rapid in mice containing ⌬NS1-primed memory CD8 ϩ T cells (Fig. 5G) . Similar results were observed in mice immunized with NS1-73, NS1-113 or NS1-126 viruses (data not shown). Thus, vaccination with attenuated influenza viruses expressing truncated or deleted NS1 proteins induced longlived memory CD8 ϩ T-cell populations with the capacity to mediate rapid clearance of virus from the tissues.
DISCUSSION
Influenza viruses can cause severe respiratory infection marked by high virus titers, fever, malaise, and weight loss. Recovery from infection is mediated by adaptive immune re- virus. Mice were immunized with ⌬NS1 virus and boosted with ⌬NS1 virus 10 days later, or control mice were given PBS. After 53 days, the mice were challenged with VVgp33 intranasally, and virus titers were measured in the lungs after 5 days (n ϭ three to five mice per group). The results of one representative experiment of two to three are shown.
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PROTECTIVE CTL INDUCED BY ATTENUATED INFLUENZA VIRUSES sponses, which are generally very robust and long-lived. In contrast, immunization with vaccines composed of inactivated viral components, typically via the intramuscular route, may induce less effective cell-mediated immunity and require yearly administration to counter seasonal strains. The search for a universal influenza virus vaccine, which could generate longlived immunity against heterologous virus strains, has recently focused on live attenuated viruses with the propensity to stimulate effective respiratory immunity without significant symptoms of disease. We generated live attenuated influenza A/PR/ 8/34 viruses expressing truncations or a deletion of the NS1 protein. The viruses were differentially attenuated in their growth both in vitro and in vivo in mice and yet all stimulated strong and specific CD8 ϩ T-cell immunity that was both longlasting and capable of mediating faster clearance of virus from infected mice. Memory CD8 ϩ T-cell responses were primed in mice after infection with a ⌬NS1 virus, which lacked expression of the NS1 protein and was undetectable in the lungs of mice after infection. Moreover, the attenuated influenza viruses induced T-cell responses that were amenable to very rapid boosting with heterologous or homologous viruses, thereby enabling the generation of enhanced, protective, memory populations. Rapid prime-boost regimes may be beneficial for the administration of effective vaccines in humans since immunity could be generated fairly rapidly, with minimal time between doses. Boosting to increase immunity can require long intervals between immunizations to ensure effectiveness. If the T cells are not adequately rested, boosting during this period may have little effect (23) . However, it has been shown that immunization with peptide-coated dendritic cells generated effector cells, or early memory cells, which were highly amenable to rapid boosting within 1 week (1) . We demonstrate that immunization of mice with live attenuated influenza viruses with altered NS1 protein function was also able to induce T cells that were amenable to rapid boosting. This was particularly true of recombinant viruses with the least NS1 function (⌬NS1 and NS1-126). It also suggests that priming with more highly attenuated viruses, followed by a less attenuated strain, may be useful to induce strong immune memory, as well as minimizing detrimental symptoms from the vaccinating virus.
The search for new vaccine vectors for immunization against influenza viruses, particularly potential pandemic strains, is a topic of considerable research and debate. Recently, the use of live attenuated strains has been the focus of attention, particularly in relation to the current swine influenza outbreak (6) . The NS1 mutant viruses utilized in the present study, in addition to having a reduced ability to replicate in vitro and in vivo, most likely also show reduced immunomodulatory effects due to their lack of NS1 function. NS1 functions, in part, as a negative regulator of host interferon responses, facilitating replication of the virus in IFN-I-producing cells. Lack of NS1 function in a viral vaccine vector may have a number of benefits. Among these would be improved T-cell responses due to release of IFN-I (24) . In addition, viruses with reduced NS1 function grow and spread considerably less aggressively, making them a safer option. However, if viral growth is too attenuated, antigen may be limiting. Nevertheless, despite showing a reduced ability to grow to high titers after infection in mice, the NS1 mutant viruses primed functional CD8 ϩ T-cell effector and memory responses. These responses provided protec-tion against heterologous infections and were amenable to rapid prime-boosting to increase virus-specific memory T-cell populations. Together, these findings demonstrate the potential effectiveness of such attenuated viruses as influenza virus vaccine vehicles for generating cell-mediated immunity.
